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A B S T R A C T

Manual wheelchair users experience significant upper extremity strain, leading to a high prevalence of shoulder 
pain. Identifying modifiable risk factors for shoulder complaints is crucial for developing effective interventions. 
Consequently, it’s important to quantify shoulder load (magnitude, frequency and duration) experienced by 
manual wheelchair users throughout the day.

This study aims to quantify the magnitude of shoulder load during various daily activities, including wheel-
chair propulsion at different speeds and inclines, ascending and descending ramps, weight relief lift, material 
handling and desk work. Ten able-bodied participants performed these activities while their upper extremity 
kinematics and exerted forces were measured. The analysis focused on glenohumeral contact force and rotator 
cuff muscle forces using the Delft Shoulder and Elbow Model.

Highest mean glenohumeral contact forces were found during weight relief lift (1363 ± 1204 N), followed by 
descending a ramp (997 ± 1043 N) and fast propulsion (802 ± 742 N). The supraspinatus muscle generated the 
greatest force during weight relief lift (327 ± 490 N) and fast propulsion (184 ± 205 N). These findings provide a 
first reference for estimating joint load in daily activities. By combining these data with the individual activity 
frequency and duration, personalized shoulder load exposure can be assessed, informing the development of 
targeted interventions to reduce shoulder pain in manual wheelchair users.

1. Introduction

Manual wheelchair users are dependent on their upper extremity for 
mobility and many other activities of daily living. These activities place 
a substantial load on the upper extremities (Morrow et al., 2010a, 
Rouvier et al., 2022), which results in a high prevalence of shoulder pain 
(39–44 % of wheelchair users (Bossuyt et al., 2024, Liampas et al., 
2021)) and shoulder pathologies (49 % rotator cuff tears (Akbar et al., 
2011), 42 %–80 % acromioclavicular joint arthrosis (Akbar et al., 2010, 
Arnet et al., 2021)). Since shoulder pain and pathology have a huge 
impact on physical activity and quality of life of the affected persons 
(Gutierrez et al., 2007), targeted interventions on risk factors for 
shoulder complaints are essential for the population of manual wheel-
chair users.

The identification of modifiable risk factors for shoulder complaints 
is essential to develop an intervention program. Risk factors can be 
divided into three domains: individual factors (posture, physical ca-
pacity, skills), environmental factors (wheelchair, ground type, incli-
nation) and work requirements (magnitude, frequency and duration of 

load, recovery time) (Hastings and Goldstein, 2004). It has been rec-
ommended that the work requirements of manual wheelchair users 
related to shoulder complaints should be lowered as far as possible by 
minimizing the frequency and duration of repetitive upper limb tasks 
and force required to complete these tasks (Paralyzed Veterans of 
America Consortium for Spinal Cord Medicine, 2005). To give targeted 
recommendation, the manual wheelchair user’s exposure to shoulder 
load (magnitude, frequency and duration) throughout the day has to be 
quantified.

Attempts have been made to quantify shoulder load exposure in 
manual wheelchair users in daily life conditions. Amrein et al. trained a 
neural network to predict shoulder load based on data from inertial 
measurement units (IMU) and electromyography (EMG) (Amrein et al., 
2023). The comparison of this predicted shoulder load with the shoulder 
load determined by musculoskeletal modeling showed high similarity. 
This study demonstrated the feasibility of using wearable sensors and 
neural networks to estimate the shoulder load in wheelchair-related 
activities of daily living. However, even the sparse sensor setup (one 
IMU attached to the participant’s upper arm, two IMUs attached to the 

* Corresponding author at: Swiss Paraplegic Research, Guido A. Zäch Strasse 4, 6207 Nottwil, Switzerland.
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wheelchair and two EMG sensors) is still complex and impractical and 
limits its usability for long-term real-life measurements.

Another approach to quantify shoulder load exposure in daily life is 
to monitor the performance of specific activities of daily living (infor-
mation on frequency und duration), and assign the according shoulder 
load to each activity (magnitude). Several attempts have been made to 
monitor specific activities of daily living (ADL) by means of IMUs solely 
with the aim to evaluate frequency and duration of these activities. 
There are validated methodologies that quantify manual wheelchair 
propulsion in daily life (de Vries et al., 2023) or during sporting activ-
ities and match settings (van der Slikke et al., 2015). With two to three 
IMUs on the wheelchair, clinically relevant wheelchair mobility metrics, 
such as number and duration of pushes, number and magnitude of turns, 
or wheelchair velocity and inclination can be derived.

In the life of a wheelchair user, there are of course additional ac-
tivities beyond wheelchair propulsion that contribute to shoulder 
loading. De Vries et al. developed and validated a method to identify the 
performance of wheelchair related ADL from wearable sensor data (de 
Vries et al., 2022). A generalizable algorithm could be trained by a deep 
learning model to reliably classify wheelchair related ADL from one IMU 
worn at the wrist. The classified activities covered a broad range of 
wheelchair related activities from daily life and included wheelchair 
propulsion (continuous or in restricted space), transfer, weight relief lift, 
manual material handling, deskwork, arm cranking and sitting still. The 
classification of a subset of these activities was also studied by Fortune 
et al. (wheelchair propulsion, non-propulsion activity, and static) 
(Fortune et al., 2022) or Skovbjerg et al. (wheelchair ambulation, 
sitting, lying, driving and other walking related activities) (Skovbjerg 
et al., 2022). By detecting a broad range of shoulder loading activities in 
the life of manual wheelchair users, the frequency and duration of 
these activities can be quantified.

The magnitude of shoulder load during wheelchair related tasks can 
be quantified by analyzing shoulder joint forces and moments or relative 
muscle activity of shoulder muscles (Rouvier et al., 2022). The total 
glenohumeral contact force gives a comprehensive indication of shoul-
der load, since it includes external forces and exerted muscles forces 
acting on the joint. Previous research has shown that upward directed 
forces at the shoulder are associated with increased signs of shoulder 
pathology (Mercer et al., 2006).

The magnitude of shoulder load expressed as glenohumeral contact 
force during level wheelchair propulsion has been extensively studied 
(Table 1). Fewer studies have reported glenohumeral contact force 
during wheelchair propulsion under different conditions, such as pro-
pelling up an incline, on a cross slope, during start and stop of wheel-
chair propulsion or during sprinting and dribbling in wheelchair 
basketball (Table 1). Also, alternative modes of propulsion have been 
investigated, such as handcycling or power-assisted wheelchair pro-
pulsion (Table 1). Other ADL often performed by wheelchair users are 
scarcely studied, with weight relief lift for pressure injury prevention 
and reaching being the only studied activities. There might be other ADL 
that are equally or even more challenging to the shoulder of wheelchair 
users. In the general or able-bodied population, a set of additional ADLs 
has been analyzed, such as glenohumeral contact force during reaching, 
lifting objects, walking with crutches, standing up from a chair, drink-
ing, eating or combing hair (Table 1). Some of these activities are also 
relevant for wheelchair users, but not all of them are challenging for the 
shoulder.

With this study we aim to investigate shoulder load over a range of 
shoulder loading activities (SL-ADL) in the daily life of manual wheel-
chair users. The investigated activities include manual wheelchair pro-
pulsion with different velocities and inclines, ascending and descending 
a short ramp, wheelchair propulsion in restricted space, weight relief 
lift, manual material handling and deskwork. We hypothesize that the 
highest shoulder joint load is experienced during weight relief lift and 
the lowest during desk work.

In a future step, the above-mentioned SL-ADL can be monitored over 

a longer period in daily life to quantify frequency and duration. While 
assigning the magnitude of shoulder load to these activities, a shoulder 
load profile (exposure) can be established. This will help in identifying 
exposures that can cause shoulder injury and forms the basis for 
designing targeted interventions to lower shoulder pain.

2. Methods

2.1. Participants

Ten able bodied participants were included in the study (7 female; 
age 39 ± 9 years; height 1.69 ± 0.09 m; weight 66 ± 12 kg). Each 
participant completed a training session in the wheelchair one week 
prior to the experiments. They trained all SL-ADL of interest (Table 2) 
until they were comfortable with the performance and executed the 
activities in a smooth manner.

Ethical approval for this study was obtained from the Ethikkomission 
Nordwest- und Zentralschweiz (EKNZ), project-ID 2022–01961 and all 
participants provided written informed consent prior to participation.

2.2. Experimental trials

Participants were invited to the Movement Analysis Laboratory of 
Swiss Paraplegic Research. After preparing the participants and 
completing the calibration measurement, they were asked to perform a 
given range of SL-ADL (Table 2). The selection of SL-ADL was based on 
literature results and expert opinion on clinically relevant shoulder 
loading tasks.

The participants were instructed on the activities to perform, but 
they were free to execute the activities in their preferred manner and 
velocity, except for the given velocity on the treadmill.

Table 1 
Previous studies reporting on the magnitude of shoulder load expressed as gle-
nohumeral contact force during ADL specific for wheelchair users and general 
ADL.

Task Studies

Manual wheelchair propulsion
On level surface Arnet et al., 2021; Collinger et al., 2008; Holloway et al., 

2015; Kulig et al., 1998; Mercer et al., 2006; Morrow et al., 
2010a; van Drongelen et al., 2005; Veeger et al., 2002

On inclined surface Holloway et al., 2015; Kulig et al., 1998; Morrow et al., 
2010a

On cross slope Holloway et al., 2015
Starting and 

stopping
Morrow et al., 2010a

Sprinting and 
dribbling

Chenier et al., 2022

Alternative modes of propulsion
Handcycling Arnet et al., 2012
Power-assisted 

wheelchair
Kloosterman et al., 2012, 2015

ADL specific for wheelchair users
Weight relief lift Morrow et al., 2010a,b; van Drongelen et al., 2005

ADL not specific for wheelchair users
Reaching Bergmann et al., 2007; Charlton and Johnson, 2006; Klemt 

et al., 2018; van Drongelen et al., 2005
Lifting objects Anglin et al., 2000; Bergmann et al., 2007; Charlton and 

Johnson, 2006; Klemt et al., 2018
Walking with 

crutches
Anglin et al., 2000; Bergmann et al., 2007; Klemt et al., 2018

Standing up from 
chair

Anglin et al., 2000; Klemt et al., 2018

Eating Charlton and Johnson, 2006; Klemt et al., 2018
Combing hair Bergmann et al., 2007; Charlton and Johnson, 2006; Klemt 

et al., 2018
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2.3. Data collection and processing

All measurements were performed in a standard active wheelchair 
(Küschall Compact 2017, Küschall AG, Witterswil, Switzerland). For 
collecting propulsion kinetics, the wheelchair was fitted with a Smart-
Wheel (24 in.; Three Rivers Holdings LLC, Mesa, Arizona, USA) on the 
right side and a dummy wheel on the contralateral side. The SmartWheel 
recorded the external forces at 240 Hz. Kinetic data were offset cor-
rected, filtered with a fourth order Butterworth filter with a cutoff fre-
quency of 20 Hz and resampled to 100 Hz for further input to a 
musculoskeletal model.

Kinematics of the upper extremity were captured with an eight- 
camera movement analysis system (Oqus, Qualisys AB, Gothenburg, 
Sweden) operating at 100 Hz. Unique clusters of reflective markers were 
placed on the trunk and the right upper extremity (thorax, acromion, 
upper arm, forearm and hand). Prior to the experiment, calibration 
measurements with a pointer were performed to define the relevant 
bony landmarks (van der Helm, 1997) relative to the cluster markers. 
With this relationship, the positions of the anatomical landmarks during 
the actual experiment were reconstructed from the recorded cluster 
markers, as well as the local coordinate systems of the thorax, clavicle, 
scapula, humerus and forearm (Wu et al., 2005). The position of the 
glenohumeral joint was calculated based on the regression equation 
based on Meskers (Meskers et al., 1998). The point of force application 
during wheelchair propulsion was defined as the midpoint between 
radial and ulnar styloid. Kinematic data were filtered with a fourth order 
Butterworth filter with a cutoff frequency of 6 Hz.

2.4. Musculoskeletal model

To analyze shoulder load, the individual upper body kinematics and 
external forces were input to the Delft Shoulder and Elbow Model 
(DSEM)(Nikooyan et al., 2011). The DSEM is a large-scale inverse-dy-
namics based model in which anatomical structures are modelled by 
mechanical elements. It includes all bones, joints, and most ligaments of 
the shoulder as well as 31 muscles divided into 139 muscle elements, 
resulting in 17-DOF. This comprehensive geometry is based on cadaveric 
measurements (Klein Breteler et al., 1999). Input to the model were 
thorax orientation and joint angles of the scapula, clavicula, upper- und 
forearm, as well as external forces (SmartWheel data for WCprop, 
maneuvering, ascending and descending the ramp and WRL, and a 
known weight of 2 kg for manual material handling). From this input, 
the clavicular and scapular orientation are optimized so the scapular 
medial border stays attached to the thorax and the conoid ligament stays 
at equal length (Nikooyan et al., 2011, van der Helm, 1994a, van der 
Helm, 1994b). The individual muscle forces are calculated based on an 
energy cost function (Praagman et al., 2006). Muscle forces were 
calculated as the sum of the forces applied by each muscle element. 
Glenohumeral contact force (GHCF) was calculated by the vector sum-
mation of the model-estimated muscle forces around the glenohumeral 
joint and the external force. A joint stability constraint is included in the 
model to guarantee that the resulting joint contact force is directed into 
the glenoid of the scapula.

2.5. Data analysis

Shoulder load of the different SL-ADL was analyzed descriptively by 
mean and peak values of GHCF and muscle forces exerted by the rotator 
cuff muscles. Mean values were calculated over either the whole tasks 
(wheelchair propulsion, maneuvering, ascending/descending a ramp, 
manual material handling, deskwork) or over two repetitions (weight 
relief lift). Peak values are calculated accordingly, taking the average 
over the highest 10 % values of each task.

In addition to mean and peak forces, the force distribution during 
each activity was analyzed. For this the occurring GHCF and muscle 
forces per frame were assigned to bins of 100 N (for GHCF) and 10 N (for 
muscle forces). The proportion of forces occurring in each bin is depicted 
in a proportion histogram.

3. Results

3.1. Glenohumeral contact force

Shoulder load varied a lot over the different SL-ADL. A typical 
example of the distribution of the GHCF is displayed in Fig. 1.

The mean ± SD GHCF of WRL was the highest for all activities (1363 
± 1204 N), followed by descending the short ramp (997 ± 1043 N) and 
fast wheelchair propulsion (802 ± 742 N). The peak forces were 
generally two to three times higher than the mean values. Also, peak 
forces were highest for WRL (3984 ± 612 N), followed by descending 
(3487 ± 919 N) and ascending the short ramp (2627 ± 540 N). The 
mean and peak GHCF values of all analyzed SL-ADL are given in Table 3.

Fig. 2 shows that, during most activities, over 50 % of the gleno-
humeral contact forces fall within the range of 0 to 500 N, with a rapid 
decrease beyond this range. The biggest exception is seen in WRL, where 
the force distribution is more even.

3.2. Muscle force of the rotator cuff

The model-estimated supraspinatus muscle produces the highest 
mean force during WRL (327 ± 490 N) and fast wheelchair propulsion 
(184 ± 205 N). Highest mean forces of the infraspinatus were observed 
during fast wheelchair propulsion (396 ± 383 N) and WRL (313 ± 425 
N). Subscapularis produces the highest mean force during ascending 

Table 2 
List of shoulder loading activities of daily life (SL-ADL) performed by the 
participants.

SL-ADL Description

Slow wheelchair propulsion 
(WCprop_slow)

Continuous wheelchair propulsion (30 s) on 
the treadmill at 0.56 m/s at 0 % inclination.

Fast wheelchair propulsion 
(WCprop_fast)

Continuous wheelchair propulsion (30 s) on 
the treadmill at 1.11 m/s at 0 % inclination.

Slow wheelchair propulsion at 
incline (WCprop_incline)

Continuous wheelchair propulsion (30 s) on 
the treadmill at 0.56 m/s at 6 % (3.4◦) 
inclination.

Maneuvering Intermitted wheelchair propulsion in restricted 
space: maximum three meters distance 
covered, maximum 3 consecutive pushes, 
including turns and backwards propulsion.

Ascending a ramp 
(Ramp_asc)

Driving with the wheelchair up a short ramp 
(12 % (6.8◦) incline, length 0.4 m), starting 
from standstill right in front of the ramp.

Descending a ramp 
(Ramp_desc)

Driving with the wheelchair down a short 
ramp (12 % (6.8◦) incline, length 0.4 m), 
starting from standstill right in front of the 
descent.

Weight relief lift 
(WRL)

Weight relief lift for pressure injury 
prevention: starting with placing the hands on 
the rim of the wheelchair wheel, then push up 
and lift the bottom off from the seat cushion, 
hold for ten seconds and release to sit.

Manual material handling 
(MMH_front)

Collect and place a weight of 2 kg to cupboard 
shelves of four different heights (0.35 m, 0.8 
m, 1.1 m and 1.4 m above ground): collect the 
weight from the lowest shelf and place it to the 
next higher shelf. Collect the weight again and 
place it on the next higher shelf. When 
reaching the highest shelf continue with 
placing the weight to the next lower shelf until 
reaching the lowest shelf.

Manual material handling at the 
back  
(MMH_back)

Placing a weight of 2 kg into the back pocket of 
the wheelchair: starts with holding the weight 
in the hand, then placing it into the back 
pocket.

Deskwork Sitting at a desk and performing deskwork (30 
s): typing on a keyboard, using the computer 
mouse and the mobile phone.
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(268 ± 458 N) and descending the ramp (242 ± 459 N). Teres minor 
contributed with less force, reaching highest force during descending 
(14 ± 29 N) and ascending the ramp (13 ± 25 N). The mean and peak 
muscle forces of all analyzed SL-ADL are given in Table 3.

Fig. 3 shows the contribution of the different rotator cuff muscle to 
the analyzed activities. During activities like deskwork or slow wheel-
chair propulsion it’s mainly the infraspinatus that produces the highest 
muscle forces. For other activities, like WRL or maneuvering, the muscle 
contribution is more evenly distributed over the rotator cuff muscles.

4. Discussion

The most demanding activity for the shoulder complex is WRL. 
During this activity, the highest GHCF, representing the total load on the 
shoulder, as well as the highest supraspinatus and infraspinatus forces, 
were observed (Table 3). These high values are not surprising since the 
whole upper body must be pushed off the wheelchair. The GHCF values 
are higher compared to previous reported mean values of 648 N for a 
WRL (van Drongelen et al., 2005, van Drongelen et al., 2011). The same 
accounts for muscle forces of the rotator cuff (van Drongelen et al., 
2005). The differences might be attributed to adaptions made to the 
DSEM within the last twenty years, like different cost functions for 
calculating muscle contribution, such as the energy cost function used in 
the present study. Whether the high forces also result in damage cannot 
be conclusively determined. From previous research it is known that 
performing a WRL is reducing the subacromial space, which is seen as 
one of the risk factors for subacromial pain or damage (Arnet et al., 
2022). Next to the individual shoulder capacity to stabilize the joint 
during this weight bearing task, the frequency of WRLs per day is 
determining the risk for shoulder problems. So far, only limited data are 
available on WRL performance over the day. Sonenblum et al. reported 

that wheelchair users performed on average four WRL per day 
(Sonenblum et al., 2016). However, more observational studies are 
needed to estimate the daily shoulder load of WRL in wheelchair users.

Overcoming short but steep ramps, as it can happen mainly in out-
door ambulation, is a further activity which is demanding to the 
shoulder joint (Table 3). Both, ascending and descending the ramp is an 
activity in which high forces must be applied by the hand to the rim in a 
short time, either for pushing up the inclination or for breaking. For 
ascending the ramp, mainly the subscapularis is active to internally 
rotate the humerus. While descending and breaking, teres minor is 
contributing to the retroversion of the humerus. Overcoming short and 
steep ramps is needed for example for entering or exiting public trans-
port or buildings. Depending on the lifestyle or the job of wheelchair 
users, the number of ramps to overcome during the can vary a lot. So far, 
no data are available on the number of ramps to overcome in real life 
and the corresponding cumulative load on the shoulder.

The shoulder load during manual wheelchair propulsion is depen-
dent on the inclination of the surface and the continuity of the propul-
sion, but not on speed (Table 3). Slow wheelchair propulsion results in 
a mean GCHF of 302 N per push. This is the second-lowest GHCF among 
all the activities analyzed. Previous studies have reported slightly lower 
mean and peak values of 182 N and 295 N respectively (van Drongelen 
et al., 2011). A recent study performed in the daily life of 19 manual 
wheelchair users stated that there is a high variance in the number of 
pushes performed per day. The number of pushes varied from 438 to 
4820, with an average over participants of 2055 pushes (de Vries et al., 
2024). Although shoulder load per push is low, the cumulative load from 
daily pushes can increase the risk of shoulder overload.

Fast wheelchair propulsion does not result in a relevant increase of 
shoulder load compared to level propulsion with the same speed. GHCF 
magnitude as well as muscle forces are comparable for both conditions 

Fig. 1. Typical example of glenohumeral joint reaction forces during all measured activities. WCprop_slow = slow manual wheelchair propulsion (0.56 m/s, 0 % 
inclination), WCprop_fast = fast manual wheelchair propulsion (1.11 m/s, 0 % inclination), WCprop_incline = slow manual wheelchair propulsion on an incline 
(0.56 m/s, 6 % inclination), Maneuvering = intermitted wheelchair propulsion in restricted space, Ramp_asc = ascending ramp, Ramp_desc = descending ramp, WRL 
= weight relief lift, MMH_front = manual material handling in front, MMH_back = manual material handling in back.
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(Table 3). The small difference in shoulder load between slow and fast 
propulsion might be a result of change in propulsion technique. If in-
dividuals increase push frequency at fast speed, as done by the partici-
pants of this study (slow: 49 pushes/min, fast: 68 pushes/min), shoulder 
load per push is reduced compared to individuals who keep push fre-
quency steady. However, previous studies have reported that joint forces 
more than double when speed increases from 1.5 m/s to 2.3 m/s (Kulig 
et al., 1998). Such high velocities are rarely seen in daily life. Wheel-
chair propulsion speed does vary between persons and daily activities, 
but weekly averages are much lower, ranging 0.43 to 0.88 m/s (Wilson 
et al., 2008). Our data suggest that propulsion speed is not a critical 
factor in estimating shoulder load in daily life based on performed 
activities.

Not surprisingly, propelling up an incline of 6 % at slow speed is 
much more demanding to the shoulder joint than level propulsion at the 
same speed. GHCF and rotator cuff muscle forces are approximately 
three times higher while propelling up the incline (Table 3). Similar 
increases in joint forces have been found in previous studies; three times 
higher peak GHCF when propelling on an incline of 6.5 % (Holloway 
et al., 2015) and 3.5 times higher mean and peak GHCF on an incline of 
8.3 % incline (Morrow et al., 2010b) and 2.2 higher peak GHCF on an 
incline of 8 % (Kulig et al., 1998). All muscles are producing higher 
forces, and mainly the infraspinatus is adding to the high joint load 
(Table 3). If one rotator cuff muscle is producing high forces over a 
longer time, this could lead to local fatigue, possibly resulting in a less 
stable shoulder joint. Therefore, the amount of incline propulsion should 
be quantified when estimating shoulder load over a day. However, a 
recent study has shown that manual wheelchair users rarely propel 
longer distances over inclinations of more than 3◦ and inclines higher 
than 6◦ are seldom observed (de Vries et al., 2024).

Adding starts, stops and turns to slow propulsion, as happening 

during the activity called maneuvering, increases shoulder load 
(Table 3). Mainly subscapularis is producing much more force than 
during slow propulsion. Maneuvering includes intermitted wheelchair 
propulsion in restricted space and represents mostly indoor activities 
like working in an office, preparing a meal in the kitchen or doing 
household activities. So far, no information is present in literature on 
number of start and stops performed in daily life of wheelchair users. 
Turns (larger than 30◦) are performed frequently. On average, 635 turns 
were detected over a day, with a minimum of 269 and a maximum of 
1396 turns (de Vries et al., 2024). In the present analysis we did not 
distinguish between shoulder load of a turn, start and stop, since turning 
is often performed in combination with starting and stopping the 
wheelchair, but analyzed the activity “maneuvering” as a whole. The 
high number of turns performed in daily life suggests that the cumula-
tive load of maneuvering will be high when analyzed over the day.

Manual material handling in front (collect and place a weight of 2 
kg to cupboard shelves) and in the back (placing a weight of 2 kg into the 
back pocket) is not so demanding for the shoulder joint (Table 3). 
Comparable peak GHCF measured with an instrumented prosthesis have 
been found while putting 2.5 kg into a shelf (677 N, (Bergmann et al., 
2007)). Information on the frequency of manual material handling in 
daily life is as yet unavailable.

Performing deskwork is the activity that is least demanding for the 
shoulder joint. Mean GHCF of 249 N are present during this activity and 
rotator cuff muscles are not highly active (Table 3). Since persons with 
SCI often change to office jobs after becoming wheelchair dependent 
(Schwegler et al., 2021), deskwork activity might be present in most 
working persons with SCI. Even a low joint load can accumulate over 
time, depending on the workload, further contributing to the already 
increased load from wheelchair-related daily activities.

The presented data on joint load magnitude provides a basis for 

Table 3 
Shoulder load of the different activities, quantified by the GHCF and the muscle forces exerted by the rotator cuff muscles. Values are given as mean and peak values 
over the activity and the standard deviations in brackets. Colors indicating the order of magnitude of the shoulder load values separately for each component (mean 
GHCF, max GHCF etc.). The darker the red the higher are the values.

WCprop_slow = slow manual wheelchair propulsion (0.56 m/s, 0 % inclination), WCprop_fast = fast manual wheelchair propulsion (1.11 m/s, 0 % inclination), 
WCprop_incline = slow manual wheelchair propulsion on an incline (0.56 m/s, 6 % inclination), Maneuvering = intermitted wheelchair propulsion in restricted space, 
Ramp_asc = ascending ramp, Ramp_desc = descending ramp, WRL = weight relief lift, MMH_front = manual material handling in front, MMH_back = manual material 
handling in back.
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estimating joint load in daily life. By monitoring the studied activities 
using IMUs over an extended period, their frequency and duration can 
be quantified, allowing the assigned joint load magnitudes to be accu-
mulated. This allows for quantification of exposure to shoulder load due 
to daily activity. Monitoring concurrently shoulder load exposure and 
progress of shoulder problems, such as injury or pain, enables exami-
nation of causality and forms the basis for identifying targets of inter-
vention to lower the high prevalence of shoulder pain in manual 
wheelchair users.

5. Limitations

The analyzed activities were selected based on literature and expert 
opinion and cover therefore a broad spectrum of shoulder loading ac-
tivities of wheelchair dependent persons. We are however aware of the 
fact that this list is not complete, and some relevant activities might be 
missing. One prominent activity that is missing on this list is trans-
ferring. Especially a transfer to a non-level surface or to a more distant 
place, as transferring to a car seat, will be very demanding to the 
shoulder joint. Due to technical difficulties, like quantifying the external 
load of during a transfer, this activity is not included in the study. It 
might also be that we missed other relevant activities, since they are not 
identified by the experts so far. This potential gap in knowledge could 
for example be closed by measuring with an instrumented shoulder 
prosthesis over a longer period in the daily life of a manual wheelchair 
user.

Another limitation of the study is the inclusion of able-bodied par-
ticipants. The data used for this study was collected within a bigger 
project with the aim to develop a methodology for directly assessing 
shoulder load based on IMUs and EMG (Amrein et al., 2023). For method 
development we opted or able-bodied participants since recruitment 

success in this population is more promising and the choice of the 
population did not bias method development. A previous study has 
shown that mean and peak GHCF during wheelchair propulsion and 
WRL do not differ between able-bodied participant and participants 
with paraplegia. However, joint forces of persons with tetraplegia are 
higher (van Drongelen et al., 2011). To avoid bias due to lesion level, it 
would be ideal to repeat this study with persons with a variety of lesion 
levels.

A third limitation relates to the standardization of the performed 
activities, which is not concurrent with daily life situations. For most of 
the activities the participants were clearly instructed how to perform the 
task. Also, wheelchair propulsion on the treadmill was standardized on 
speed and only straight propulsion was possible. Only during the 
deskwork-task the participants were free to choose the duration of the 
different tasks (typing, using computer mouse or phone). In real life 
there is a high variability in these tasks which is not included in the 
highly standardized performance during the laboratory measurements. 
It would be ideal to add more variation also for the lab measurements to 
better represent daily life activities.

6. Conclusions

This study examined joint load, defined as GHCF and rotator cuff 
muscle forces, across various shoulder-loading activities relevant to in-
dividuals with SCI. Performing WRL and overcome level differences, 
either by propelling on inclined surface or ascending and descending 
short ramps, place the highest load on the shoulder. These activities are 
important for living an independent life as a manual wheelchair user, 
either for selfcare (WRL) or for outdoor mobility.

The presented data provide a first reference for estimating joint load 
in daily life. By combining these reference data on magnitude of joint 

Fig. 2. Distribution of glenohumeral contact force acting during the different activities.
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load for specific activities with individually measured frequency and 
duration of these activities, the personal shoulder load exposure can be 
determined. In combination with information on progression of shoul-
der problems, causality can be inferred, which forms the basis for 
developing targeted interventions to reduce shoulder pain in manual 
wheelchair users.

CRediT authorship contribution statement

Ursina Arnet: Conceptualization, Formal analysis, Methodology, 
Resources, Supervision, Validation, Writing – original draft, Writing – 
review & editing. Dirkjan (H. E. J.) Veeger: Formal analysis, Software, 
Writing – review & editing, Methodology. Wiebe H. K. de Vries: 
Conceptualization, Investigation, Methodology, Project administration, 
Writing – review & editing.

Funding

This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

We would like to thank Sabrina Amrein for her support in data 
collection and the participants for their cooperation in this study.

References

Akbar, M., Balean, G., Brunner, M., Seyler, T.M., Bruckner, T., Munzinger, J., Grieser, T., 
Gerner, H.J., Loew, M., 2010. Prevalence of rotator cuff tear in paraplegic patients 
compared with controls. J. Bone Joint Surg. Am. 92, 23–30.

Akbar, M., Brunner, M., Balean, G., Grieser, T., Bruckner, T., Loew, M., Raiss, P., 2011. 
A cross-sectional study of demographic and morphologic features of rotator cuff 
disease in paraplegic patients. J. Shoulder Elbow Surg. 20, 1108–1113.

Amrein, S., Werner, C., Arnet, U., de Vries, W.H.K., 2023. Machine-learning-based 
methodology for estimation of shoulder load in wheelchair-related activities using 
wearables. Sensors (Basel) 23.

Anglin, C., Wyss, U.P., Pichora, D.R., 2000. Glenohumeral contact forces, 214. H, 
pp. 637–644.

Arnet, U., Boninger, M.L., Cools, A., Bossuyt, F.M., 2022. Effect of fatiguing wheelchair 
propulsion and weight relief lifts on subacromial space in wheelchair users. Front. 
Rehabil. Sci. 3, 849629.

Arnet, U., de Vries, W.H., Eriks-Hoogland, I., Wisianowsky, C., van der Woude, L.H.V., 
Veeger, D., Berger, M., G, F.T.S.S., 2021. MRI evaluation of shoulder pathologies in 
wheelchair users with spinal cord injury and the relation to shoulder pain. J. Spinal 
Cord Med. 1–14.

Arnet, U., van Drongelen, S., Scheel-Sailer, A., van der Woude, Veeger, D.H., 2012. 
Shoulder load during synchronous handcycling and handrim wheelchair propulsion 
in persons with paraplegia. J Rehabil Med 44, 222–228.

Bergmann, G., Graichen, F., Bender, A., Kaab, M., Rohlmann, A., Westerhoff, P., 2007. In 
vivo glenohumeral contact forces–measurements in the first patient 7 months 
postoperatively. J. Biomech. 40, 2139–2149.

Bossuyt, F.M., Eriks-Hoogland, I., Schubert, M., Minder, U., Brinkhof, M.W.G., Arnet, U., 
2024. Determinants of between-person variation in shoulder pain in individuals with 
spinal cord injury: a population-based cohort study. Am. J. Phys. Med. Rehabil. 103, 
S268–S276.

Charlton, I.W., Johnson, G.R., 2006. A model for the prediction of the forces at, 220. H, 
pp. 801–812.

Chenier, F., Alberca, I., Gagnon, D.H., Faupin, A., 2022. Impact of Sprinting and 
Dribbling on Shoulder Joint and Pushrim Kinetics in Wheelchair Basketball Athletes. 
Front Rehabil Sci 3, 863093.

Collinger, J.L., Boninger, M.L., Koontz, A.M., Price, R., Sisto, S.A., Tolerico, M.L., 
Cooper, R.A., 2008. Shoulder biomechanics during the push phase of wheelchair 
propulsion: a multisite study of persons with paraplegia. Arch Phys Med Rehabil 89, 
667–676.

Fig. 3. Distribution of rotator cuff muscle forces acting during the different activities. Supra = supraspinatus, Infra = infraspinatus, SubScap = subscapularis, Teres 
= teres minor.

U. Arnet et al.                                                                                                                                                                                                                                   Journal of Electromyography and Kinesiology 84 (2025) 103027 

7 

http://refhub.elsevier.com/S1050-6411(25)00053-7/h0005
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0005
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0005
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0010
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0010
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0010
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0015
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0015
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0015
http://refhub.elsevier.com/S1050-6411(25)00053-7/optz4ZdEPDOSV
http://refhub.elsevier.com/S1050-6411(25)00053-7/optz4ZdEPDOSV
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0020
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0020
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0020
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0025
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0025
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0025
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0025
http://refhub.elsevier.com/S1050-6411(25)00053-7/opth22saxlJFx
http://refhub.elsevier.com/S1050-6411(25)00053-7/opth22saxlJFx
http://refhub.elsevier.com/S1050-6411(25)00053-7/opth22saxlJFx
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0030
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0030
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0030
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0035
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0035
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0035
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0035
http://refhub.elsevier.com/S1050-6411(25)00053-7/optXdcKgRSi42
http://refhub.elsevier.com/S1050-6411(25)00053-7/optXdcKgRSi42
http://refhub.elsevier.com/S1050-6411(25)00053-7/optHzXdfwxV1r
http://refhub.elsevier.com/S1050-6411(25)00053-7/optHzXdfwxV1r
http://refhub.elsevier.com/S1050-6411(25)00053-7/optHzXdfwxV1r
http://refhub.elsevier.com/S1050-6411(25)00053-7/optCxMatVsP3p
http://refhub.elsevier.com/S1050-6411(25)00053-7/optCxMatVsP3p
http://refhub.elsevier.com/S1050-6411(25)00053-7/optCxMatVsP3p
http://refhub.elsevier.com/S1050-6411(25)00053-7/optCxMatVsP3p


de Vries, W.H.K., Amrein, S., Arnet, U., Mayrhuber, L., Ehrmann, C., Veeger, H.E.J., 
2022. Classification of wheelchair related shoulder loading activities from wearable 
sensor data: a machine learning approach. Sensors (Basel) 22, 7404.

de Vries, W.H.K., van der Slikke, R.M.A., van Dijk, M.P., Arnet, U., 2023. Real-life 
wheelchair mobility metrics from IMUs. Sensors (Basel) 23, 7174.

de Vries, W., Eriks-Hoogland, I., Hertig-Godeschalk, A., Koch-Borner, S., Perret, C., 
Arnet, U., 2024. Variation in daily wheelchair mobility metrics of persons with 
spinal cord injury: the need for individual monitoring. Appl. Sci. 14.

Fortune, E., Cloud-Biebl, B.A., Madansingh, S.I., Ngufor, C.G., Van Straaten, M.G., 
Goodwin, B.M., Murphree, D.H., Zhao, K.D., Morrow, M.M., 2022. Estimation of 
manual wheelchair-based activities in the free-living environment using a neural 
network model with inertial body-worn sensors. J. Electromyogr. Kinesiol. 62, 
102337.

Gutierrez, D.D., Thompson, L., Kemp, B., Mulroy, S.J., 2007. The relationship of shoulder 
pain intensity to quality of life, physical activity, and community participation in 
persons with paraplegia. J. Spinal Cord Med. 30, 251–255.

Hastings, J., Goldstein, B., 2004. Paraplegia and the shoulder. Phys. Med. Rehabil. Clin. 
N. Am. 15 (vii), 699–718.

Holloway, C.S., Symonds, A., Suzuki, T., Gall, A., Smitham, P., Taylor, S., 2015. Linking 
wheelchair kinetics to glenohumeral joint demand during everyday accessibility 
activities. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. 2015, 2478–2481.

Klein Breteler, M.D., Spoor, C.W., Van der Helm, F.C., 1999. Measuring muscle and joint 
geometry parameters of a shoulder for modeling purposes. J. Biomech. 32, 
1191–1197.

Klemt, C., Prinold, J.A., Morgans, S., Smith, S.H.L., Nolte, D., Reilly, P., Bull, A.M.J., 
2018. Analysis of shoulder compressive and shear forces during functional activities 
of daily life. Clin Biomech (Bristol, Avon) 54, 34–41.

Kloosterman, M.G., Buurke, J.H., de Vries, W., Van der Woude, Rietman, J.S., 2015. 
Effect of power-assisted hand-rim wheelchair propulsion on shoulder load in 
experienced wheelchair users: A pilot study with an instrumented wheelchair. Med 
Eng Phys 37, 961–968.

Kloosterman, M.G., Eising, H., Schaake, L., Buurke, J.H., Rietman, J.S., 2012. 
Comparison of shoulder load during power-assisted and purely hand-rim wheelchair 
propulsion. Clin Biomech (Bristol, Avon) 27, 428–435.

Kulig, K., Rao, S.S., Mulroy, S.J., Newsam, C.J., Gronley, J.K., Bontrager, E.L., Perry, J., 
1998. Shoulder joint kinetics during the push phase of wheelchair propulsion. Clin. 
Orthop. 132–143.

Liampas, A., Neophytou, P., Sokratous, M., Varrassi, G., Ioannou, C., Hadjigeorgiou, G. 
M., Zis, P., 2021. Musculoskeletal pain due to wheelchair use: a systematic review 
and meta-analysis. Pain Ther.

Mercer, J.L., Boninger, M., Koontz, A., Ren, D., Dyson-Hudson, T., Cooper, R., 2006. 
Shoulder joint kinetics and pathology in manual wheelchair users. Clin. Biomech. 
(Bristol, Avon) 21, 781–789.

Meskers, C.G., van der Helm, F.C., Rozendaal, L.A., Rozing, P.M., 1998. In vivo 
estimation of the glenohumeral joint rotation center from scapular bony landmarks 
by linear regression. J. Biomech. 31, 93–96.

Morrow, M.M., Hurd, W.J., Kaufman, K.R., An, K.N., 2010a. Shoulder demands in 
manual wheelchair users across a spectrum of activities. J. Electromyogr. Kinesiol. 
20, 61–67.

Morrow, M.M., Kaufman, K.R., An, K.N., 2010b. Shoulder model validation and joint 
contact forces during wheelchair activities. J. Biomech. 43, 2487–2492.

Nikooyan, A.A., Veeger, H.E., Chadwick, E.K., Praagman, M., Helm, F.C., 2011. 
Development of a comprehensive musculoskeletal model of the shoulder and elbow. 
Med. Biol. Eng. Comput. 49, 1425–1435.

Paralyzed Veterans of America Consortium for Spinal Cord Medicine, 2005. Preservation 
of upper limb function following spinal cord injury: a clinical practice guideline for 
health-care professionals. J Spinal Cord Med. 28 (5), 434–470. https://doi.org/ 
10.1080/10790268.2005.11753844.

Praagman, M., Chadwick, E.K., van der Helm, F.C., Veeger, H.E., 2006. The relationship 
between two different mechanical cost functions and muscle oxygen consumption. 
J. Biomech. 39, 758–765.

Rouvier, T., Louessard, A., Simonetti, E., Hybois, S., Bascou, J., Pontonnier, C., Pillet, H., 
Sauret, C., 2022. Manual wheelchair biomechanics while overcoming various 
environmental barriers: a systematic review. PLoS One 17, e0269657.

Schwegler, U., Nutzi, M., Marti, A., Trezzini, B., Swi S G, S.C.I., 2021. Pre- and post- 
injury job type distributions of individuals with SCI in relation to structural changes 
in the labor market: a comparative analysis based on findings from the swiss spinal 
cord injury cohort study. J. Spinal Cord Med. 44, 77–88.

Skovbjerg, F., Honore, H., Mechlenburg, I., Lipperts, M., Gade, R., Naess-Schmidt, E.T., 
2022. Monitoring physical behavior in rehabilitation using a machine learning-based 
algorithm for thigh-mounted accelerometers: development and validation study. 
JMIR Bioinform. Biotechnol. 3, e38512.

Sonenblum, S.E., Sprigle, S.H., Martin, J.S., Pe, 2016. Everyday sitting behavior of full- 
time wheelchair users. J. Rehabil. Res. Dev. 53, 585–598.

van der Helm, F.C., 1994a. A finite element musculoskeletal model of the shoulder 
mechanism. J. Biomech. 27, 551–569.

van der Helm, F.C.T., 1994b. Analysis of the kinematic and dynamic behavior of the 
shoulder mechanism. J. Biomech. 27, 527–550.

van der Helm, F. C. T. A standardized protocol for motion recordings of the shoulder. 
First Conference of the International Shoulder Group, 1997 Delft, The Netherlands. 
**: Shaker Publishing B.V., 7-12.

van der Slikke, R.M., Berger, M.A., Bregman, D.J., Lagerberg, A.H., Veeger, H.E., 2015. 
Opportunities for measuring wheelchair kinematics in match settings; reliability of a 
three inertial sensor configuration. J. Biomech. 48, 3398–3405.

van Drongelen, S., van der Woude, L.H., Janssen, T.W., Angenot, E.L., Chadwick, E.K., 
Veeger, D.H., 2005. Glenohumeral contact forces and muscle forces evaluated in 
wheelchair-related activities of daily living in able-bodied subjects versus subjects 
with paraplegia and tetraplegia. Arch. Phys. Med. Rehabil. 86, 1434–1440.

van Drongelen, S., van der Woude, L.H., Veeger, H.E., 2011. Load on the shoulder 
complex during wheelchair propulsion and weight relief lifting. Clin. Biomech. 
(Bristol, Avon) 26, 452–457.

Veeger, H.E., Rozendaal, L.A., van der Helm, F.C., 2002. Load on the shoulder in low 
intensity wheelchair propulsion. Clin Biomech (Bristol, Avon) 17, 211–218.

Wilson, S.K., Hasler, J.P., Dall, P.M., Granat, M.H., 2008. Objective assessment of 
mobility of the spinal cord injured in a free-living environment. Spinal Cord 46, 
352–357.

Wu, G., van der Helm, F.C.T., (DirkJan) Veeger, H.E.J., Makhsous, M., Van Roy, P., 
Anglin, C., Nagels, J., Karduna, A.R., McQuade, K., Wang, X., 2005. ISB 
recommendation on definitions of joint coordinate systems of various joints for the 
reporting of human joint motion–Part II: shoulder, elbow, wrist and hand. 
J. Biomech. 38, 981–992.

U. Arnet et al.                                                                                                                                                                                                                                   Journal of Electromyography and Kinesiology 84 (2025) 103027 

8 

http://refhub.elsevier.com/S1050-6411(25)00053-7/h0045
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0045
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0045
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0050
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0050
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0040
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0040
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0040
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0055
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0055
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0055
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0055
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0055
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0060
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0060
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0060
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0065
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0065
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0070
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0070
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0070
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0075
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0075
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0075
http://refhub.elsevier.com/S1050-6411(25)00053-7/optl53H1Yx12V
http://refhub.elsevier.com/S1050-6411(25)00053-7/optl53H1Yx12V
http://refhub.elsevier.com/S1050-6411(25)00053-7/optl53H1Yx12V
http://refhub.elsevier.com/S1050-6411(25)00053-7/optKn1w9zuMrU
http://refhub.elsevier.com/S1050-6411(25)00053-7/optKn1w9zuMrU
http://refhub.elsevier.com/S1050-6411(25)00053-7/optKn1w9zuMrU
http://refhub.elsevier.com/S1050-6411(25)00053-7/optKn1w9zuMrU
http://refhub.elsevier.com/S1050-6411(25)00053-7/optyJVAMQJB0D
http://refhub.elsevier.com/S1050-6411(25)00053-7/optyJVAMQJB0D
http://refhub.elsevier.com/S1050-6411(25)00053-7/optyJVAMQJB0D
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0080
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0080
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0080
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0085
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0085
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0085
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0095
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0095
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0095
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0100
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0100
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0100
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0105
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0105
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0105
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0110
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0110
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0115
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0115
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0115
https://doi.org/10.1080/10790268.2005.11753844
https://doi.org/10.1080/10790268.2005.11753844
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0120
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0120
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0120
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0125
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0125
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0125
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0130
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0130
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0130
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0130
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0135
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0135
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0135
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0135
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0140
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0140
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0145
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0145
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0150
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0150
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0160
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0160
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0160
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0165
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0165
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0165
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0165
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0170
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0170
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0170
http://refhub.elsevier.com/S1050-6411(25)00053-7/optzCrJCFQthI
http://refhub.elsevier.com/S1050-6411(25)00053-7/optzCrJCFQthI
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0175
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0175
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0175
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0180
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0180
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0180
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0180
http://refhub.elsevier.com/S1050-6411(25)00053-7/h0180

	Shoulder load during wheelchair-related activities of daily life
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Experimental trials
	2.3 Data collection and processing
	2.4 Musculoskeletal model
	2.5 Data analysis

	3 Results
	3.1 Glenohumeral contact force
	3.2 Muscle force of the rotator cuff

	4 Discussion
	5 Limitations
	6 Conclusions
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgements
	References


